Integral Symmetric 2-Commodity Flows by Jarry, Aubin
Integral Symmetric 2-Commodity Flows
Aubin Jarry
To cite this version:




Submitted on 23 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de





























ap por t  

de  r ech er ch e 
THÈME 1
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE




Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles, BP 93, 06902 Sophia Antipolis Cedex (France)




























































	{ùìþOü ùæúß¿ùæþü  ß
  &!>,Ãﬃ	,,@	o,
	#ﬀ d!H!%$,
 w  } ¶8X[T¹ dP `FshW_NQ] =@C
X[W'CB`fTKHL'U(ADKBT'W'(P@ChfCBT>ßf ¼«P `@CÂ\ONQ]rN[\BTK
LU(ADKBT'W'(P@Ch*¶8X[TDhB9{{'_O''i  CBT£(O£[Ø  >H`´AoP §T'
©
X[TDCB`fT'CBWL'U8ADKBT'W'fP@C












CBTÂ^ CklhNQ§CBP W±£  £  TCB§ﬀfP@CÄÂ¾ Å Æ³ÁﬂﬁH`ÇL_NQTﬃ(P@CH§Ck] WX[n §?BADC%^PßAP §T'
©
X[THCB`fT'CBWg
\MX[AADX8^TKMLÉCML'T×jkVÉ¨\MX[A] §CBT^@NQ`@L×§CMLdshW_NQ] =@CMLX[W'CB`fTKMLÉX[Po`@X[`ßËÌÍºÉÎÏ Ðhp{ÑNQ`@^SÌÍÒﬃµ'¶ Ó[e{Ñ®ÔÕ
jkX[P@Lﬃ] WX[P lmX[`@L(P@C
§CH\BW'T?BWCH^ CH\MX[P ]CHCML'TŁP `@Ck\MX[`@^T'X[`v`@KM\MCML_L_NQWCHCBT¹L'PÙFL_NQ`(TC]X[P W
\MC] WX[n §?BADChCBTŁ`@X[P@L¹^ X[` `@X[`@LŁP `ßNQ§smX[W'T'= ADCkCB`vTCBA]@LŁ]X[§U8`! [AÝNQ§r]X[P WÜ\MC
] WX[n §?BADCh
































lmCB`ßNshW_NQ] =Çﬃ_ No\ONQ]rN[\BTUSif ÃNQ`@^ßN%WC (P@CML'T>LCBT/.  ´íFí





ZP §T'Ê¨¸·¹X[AADX8^TUFº§XOª VWX[n §CBA =rN[LﬃnCMCB`FªÂ^ CB§UDL'T'P@^CM^ÁN[LﬃTÜNQW'L_CMLﬃ`rNQT'P W_NQ§§U¬°WX[A




L9Ôv\ONQ` nC¦LX[§lmCM^³`³]X[§U8`@X[AÝNQ§kT'ADCnfU"P@L'` sê§`@CONQWv] WX[shW_NQAA` s@




ª¹C¤=rNMlmCÖ`@X[`¨L'] §T'T_NQn §CÖP ` TLiXQ¬T'W_N{ÙF\h%X[WÇ`@X[`¨L'] §T'T_NQn §C´WX[P TCMLiTX5½@`@^ Ë°Ch s@»¬±X[W






T'=@CBADL_CB§lmCMLŁnCBTª¹CMCB`SjkVÉ¨\MX[A] §CBTCNQ`@^T'W_N[\BT_NQn §C] WX[n §CBADLﬂﬁH`@C
lhNQW'ÝNQ`fTLT'=@C43kL°Y'X[`fTDVÉNQT'=@LDVWX[n §CBA ªÂ= \=«\MX[`@L'L'TL`ê½@`@^` s³ë .Fëd^L°Y'X[`fT]rNQT'=@L
\MX[W'WCML]X[`@^` s¡TXÖT'=@CiWC (P@CML'TFL_CBTË®ªÂT'=5.76¼íÚ¸ÔÕÃ<>=@CX[T'=@CBWFAFNQ`"lhNQW'ÝNQ`fTL
^ CB]CB`@^ßX[`ßT'=@CkLT'W'P@\BT'P WCkXQ¬ﬃ X[W8. X[WÂX[W>nX[T'=:9ªÂ=@CBT'=@CBWHL>^WCM\BTCM^ÇX[W¹P `@^WCM\BTCM^Á
ªÂ=@CBT'=@CBW% X[Wk
è





ﬁHP W`fTCBWCML'To`´T'= L] WX[n §CBAà\MX[ADCML%¬°WX[AWX[P T'` s] WX[n §CBADL`´X[] T'\ONQ§Ü`@CBTª¹X[W'È8LO
ﬁH] T'\ONQ§8`@CBTª¹X[W'È8LﬃNQWCÜnCML'T×WCB] WCMLCB`(TCM^nfUL'U8AADCBT'W'\¹^shW_NQ] =@LOﬃ¶8XT'=@CÜ`fTCBW\MX[` `@CM\BT'X[`
shW_NQ] =³#¼LL'U8AADCBT'W'\Ç^WCM\BTCM^Ë®¿ÍCh³>d@?@F -BA ?>S _¹NQ`@^5T'=@C
\ONQ]rN[\BTU¦¬®P `@\BT'X[`¤L%L'U8AADCBT'W'\ØË®¿ÍChC>d@?@% ¡&d>×@?r Á?>¸ÔÕ<>= LTX[]X[§X[shU
NQ] ] §CMLkNQ§LXTXAFNQ`fUiX[T'=@CBWTCB§CM\MX[AAP ` \ONQT'X[`¦`@CBTªÜX[W'ÈLO
¶(`@\MC-L>NQ§LXÒP §CBW'ÝNQ`T'=@CkL'U8AADCBT'W'\] WX[n §CBA ªÜX[P §^ÇNQ] ]CONQWÜTXonCHN%]rNQW'T'\BP §ÝNQW
\ON[L_CÂXQ¬T'=@C^WCM\BTCM^FÒP §CBW'ÝNQ`vl[NQW'ÝNQ`(TOfCÕR \MCB] TﬃP@L'PrNQ§§UF
è
. LŁN[LL'P ADCM^TXnCÂÒP §CBW'ÝNQ`
Ë±NQ`@^i`@X[TX[` §UØÔÕ ﬁH`ÇT'= Ll[NQW'ÝNQ`(TO·kÍjN[L'=¨¿Ï³§§ÝNQADL] WXOlmCM^Ø`´E#<heD2iË°X[`@C\ONQ`i½@`@^ØN
] WX8XQ¬ﬃ`¡Ì ;U8s=<Qc[Ñ®Ô
T'=rNQTªÂT'=«ë .Fë(FEDT'=@C] WX[n §CBA ª¹N[Lk]X[§U8`@X[AÝNQ§¿ªÂ=@CBWCON[LHGrI;U8smCB`
] WXlmCM^*`5Ì ;U8s=<D2QÑÉT'=rNQTªÂT'=«ë .FërKJË±NQ`@^¦ADX[WCÔT'=@C&] WX[n §CBAª¹N[L%jkVÉ¨\MX[A] §CBTChµ`
T'=@CosmCB`@CBW_NQ§^WCM\BTCM^*\ON[LChT'=@CL3kL°Y'X[`fTVNQT'=@L%VﬃWX[n §CBALHjkVÉ¨\MX[A] §CBTCªÂT'=«ë .Fë KE
ËÌÍºÉÎHÏÃÐhp{Ñ®ÔÕ
µ`%T'= L×]rNQ]CBWO{ªÜCŁªÂ§§mADX[WCŁL']CM\BÊ½r\ONQ§§U%L'T'P@^UT'=@C] WX[n §CBA-ªÂT'=oL'U(AADCBT'W'\ŁWC fP@CMLTL
Ë°L_X¦
è
.­L`@^ CMCM^5ÒP §CBW'ÝNQ`n P TÇë .Fë×NMfÔÕL_XØX[`@CS\ONQ`¡X[n@LCBW'lmCvT'=rNQTNØL'U8AADCBT'W'\
^shW_NQ] =vªÂT'=SLU(AADCBT'W'\WC fP@CML'TLŁ=rN[LŁT'=@CHL_NQADCÂÈ8`@XOªÂ§CM^smCkL'T'W'P@\BT'P WCN[LÜNQ`FP `@^WCM\BTCM^
shW_NQ] =ªÂT'=ØP `@^WCM\BTCM^WC fP@CMLTLONQ`@^ØT'=rNQTkNQ`ØP `@^WCM\BTCM^¦LX[§P T'X[`ªÜX[P §^]CBW¬±CM\BT'§US½@T
¬±X[W%T'=@CDL'U8AADCBT'W'\] WX[n §CBAiFÏ³= §CT'= LL%T'W'P@ChT'=@CDLU(AADCBT'W'\] WX[n §CBANQ§§XOª
LNQ§LX
ADX[WC&LX[§P T'X[`@L%NQ`@^¦LADX[WC&T'W_N[\BT_NQn §CO9%ÌÍÒﬃµ'¶ Ó[eQÑÉ] WXOlmCM^¦T'=rNQTHT'=@Cµ`fTCBshW_NQ§ `@^WCM\BTCM^







ªÂT'=*NDL'U8AADCBT'W'\\ONQ]rN[\BTUNQ`@^ØLU(AADCBT'W'\WC fP@CML'TLÕÔÂg{¨¸·¹X[AADX(^TUº§XOª VWX[n §CBA L
]X[§U8`@X[AÝNQ§¿
µ`DLCM\BT'X[`SgkªÜCÂ`(T'WX(^P@\MC
X[P WŁ`@X[T_NQT'X[`@LOf\MX[`@L'^ CBWŁWCB§ÝNQTCM^ªÜX[W'ÈLÜNQ`@^`(T'WX(^P@\MCX[P W
] WX[n §CBAiµ`LCM\BT'X[`:+FªÜC&shl(` sßX[P W%NQ§smX[W'T'= ANQ`@^] WXOlmC&TOT'=fP@Lk] WXl(` sÇX[P WkAFNQ`
T'=@CMX[WCBAË°<>=@CMX[WCBA 2@L'T_NQTCM^iNQTT'=@C%CB`@^iXQ¬ÉL_CM\BT'X[`gmÔÕ
ﬀ H$&









































































Ê¬¹¾  ÆÁÉ iê¾  @  LHT'=@C¬°P `@\BT'X[`*^ CÕ½@`@CM^*n(UOC Ö& iê¾  _ Â









 + w ð   ï xOy ( | .




















0	132¾«Á» <;ﬁﬀqY1UEG13Km1 E RG1UClNB6V32WPW@I6 @ICÂ¾ﬂ¾




















XOª ¬°WX[AÛHTXoŁXQ¬×lhNQ§P@CH£8T'=@CB`ß¾  L¹T'=@CHWCBlmCBWLC
©
XOª ¬®WX[A ﬃTXXQ¬lhNQ§P@CH£
$Çï%'&( x (®ó&  + 9fñ | ó   ó ô ( x ð\,ó8ò/.
ﬁ@IE47MoMﬃ ^]h	 9_ OMW132Á¾QÅﬂ 14<?@BA CFEG@IHaMÅq2-@>¸Å @ICqKG47M NO1ﬃ£QÅl;Ü¿¾(M	æ¾
hﬁPSR4 9 V @IHJH/@ 8P 2 
?@BA CFEG@IH#  	ì
h 2-@F°  	Í








































''&êQ;(@IE 13Km1 E  C-NB6V32WPW@I6¡¾³ÛJ  A	1:V`47MoMÜ¾É
â
U2WY1QRINBH





















$Çï%'&( x (®ó&  + |(xD|fy ( x ï y (®ó&.
0	132dÇ(Ã  1b4 V`4 4V P 2  @I6ß ;!0	132  	ì
 (  	Í
& :;q0	132×£  	û£
& Ç<;"ﬀqY1<V3N 2





6³ C @IE>47MoM6X]h	 9_ A1















ï(ó y ï  ) + &ïO&ï y .U U  	ﬃ	ﬃ
  )  ) ) 
	 






 )ﬃ  ﬀ ) 
!U
: ﬂU   
	 D $& 
(#"8	%$ﬃ ﬃ'&
( ó y ó ' '3z y ð ) U *  	ﬃﬃ	





 )ﬃ   ﬀ8 )D!UD







































































































































	    ﬀ 	ﬃ 
	\T"m ﬀ 7q    ﬃ  ﬀ ﬀ 	ﬃ 
	 ﬁﬀ ﬂﬃ ﬁﬀ "
¥HL%ª¹CFL_NQ^Ö`´T'=@C`(T'WX(^P@\BT'X[`X[P W] WX[n §CBALNi]rNQW'T'\BP §ÝNQWo\ON[LCDXQ¬ÂT'=@CFsmCB`@CBW_NQ§
µ`fTCBshW_NQ§ZP §T'Ê¨¸·¹X[AADX(^TUSº§XOªÃVWX[n §CBAiÜ¶(`@\MCHT'=@CHWCML'P §TÜXQ¬dºrX[W'T'P `@Ch8ÎkX[]\BWXQ¬®T>NQ`@^
Ï §§CÌÍºÉÎHÏÃÐhp{ÑªÜCHÈ(`@Xª"T'=rNQT¹T'=@C 3kL°Y'X[`fT>VNQT'=@L>VWX[n §CBA ªÂT'=SLŁjkVÉ¨\MX[A] §CBTCkªÂT'=




] WX[n §CBA#L%]X[§U8`@X[AÝNQ§ﬃªÂT'=´gß\MX[AADX8^T'CMLvËë .Fë Ef_n P TjkVÉ¨\MX[A] §CBTCDªÂT'=´T'= WCMC
Ëë .Fëh JmÔÕﬃµ`iX[P W] WX[n §CBAië .Fëh M 
µ`ÇP `@^WCM\BTCM^ÇshW_NQ] =@L T'=@C 3kL°YX[`(TVÉNQT'=@LVWX[n §CBA­L
]X[§U8`@X[AÝNQ§ÁªÂT'=N&nX[P `@^ CM^
`(P AnCBWFXQ¬WC fP@CML'TLËë .FëÂÆ 9 ÔÇÌÍIk¶U<D2{ÑÜn P TT'=@CØg{¨¸·¹X[AADX(^TUÚºd§Xª¢VWX[n §CBA Ë®ªÂT'=





.- ]m>×@?[O> ;¿@? ;3£@ _{Ô%ÌÍÒﬃµ'¶ Ó[eQÑ
µ` L'U(AADCBT'W'\ê^shW_NQ] =@LOoªÜCÚNQ§WCON[^UÈ8`@XOª¼T'=rNQT¦T'=@C 3kL°Y'X[`fT¤VÉNQT'= VWX[n §CBA L
jkVÉ¨\MX[A] §CBTC¡Ìæ·Ü=rND<hÐ[Ñ
`«smCB`@CBW_NQ§¿>n P TDT'=rNQTvTDL]X[§U(`@X[AÝNQ§HªÂT'=³N*nX[P `@^ CM^Ú`fP A¨
nCBW%XQ¬ÜWC (P@CML'TLDÌ1GfNQW_phg[Ñoº@X[W%T'=@CZP §T'Ê¨¸·¹X[AADX8^TUÖº§XOª ] WX[n §CBAidX[`@C\ONQ`ÖLCMC&T'=rNQT
T'=@C¤g{¨¸·¹X[AADX8^TUÃº§XOªVWX[n §CBA LS]X[§U8`@X[AÝNQ§ªÂT'=N´lhNQ§P@C*XQ¬v h£ Ë®ªÂT'= .¯







 U ﬁﬀﬃﬂ 
!#"
$& 








 ﬀ ﬂU#" 










































































































<>=@C\BP TÜ\BW'TCBW'X[`FLŁT'W'P@ChfLXoN[\M\MX[W^` sTX<>=@CMX[WCBA Ehmª¹C\ONQ`½@`@^SN
©
XOªÃ¾(ÂÆ-<iß¾h
¬°WX[A   TXD  XQ¬Él[NQ§P@CDEh L
	      : ﬀ ﬀ 	Lﬃ 	   ﬀ ﬂ ﬁﬀ ﬃ X 	 ﬀ ﬀ  ﬃ^ﬃ    







ï(ó y ï   U U%	ﬃﬃ	
  )OD%:)  ﬃL@
 "
 
 ﬀD	 ﬂU ﬃ
 )ﬃ   ﬀ 
) 
  
  ﬂU   
	 D ﬁﬀﬂ 
  "
 $ '















ÁhO9ÉQ9hBÉ  Á{{'_MÉ-Á°9O9É 
ÁhO'É°Q9hBÉ J °Q'9BÉÁ°9O''{ m
<>=@Cß\BP T\BW'TCBW'X[`ÚL&T'W'P@CS¬°X[WßOh'9MEfO[''QEf'_ﬃn P TT'=@CBWCßL&`@X¤g{¨\MX[AADX(^TU
©
Xª ¬°WX[A#[M9{ŁTXÇ°_O''{ŁXQ¬Él[NQ§P@CDE(Ef_ L
ÎHXªÜCBlmCBWoCBlmCB`´Ê¬>T'=@CF\BP T\BW'TCBW'X[`ÖL`@X[T`@CM\MCMLL_NQW'UmdNQ`@X[T'=@CBW&\BW'TCBW'X[`¡L'T_NQ`@^ LX[P T
ªÂ=@CB`Çª¹C%L'T'P@^UFT'=@C%CÕR@NQA] §C%shlmCB`ÇnCÕ¬°X[WC9É`ÇT'= L>] WCBl8X[P@L
CÕR@NQA] §ChT'=@C%\BP T ]{[O''7_






























2 A	@'@3R P 2WP Km1 Po6ﬂ2-1
	 1 E R3; ﬀqY1JR  HJH/132WE PWV:V3N 2 V E P 2-1 E PW@I6\C@IESOh'_O£(BO{['{£h{' PSR





























  )Hﬁ   ﬃ) )D	O@
"

     " %) 
  ﬀ








ÏÖCshlmCoN\MX[P `fTCBW¨CÕR@NQA] §CSË°L_CMC%ºdshP WC&ÓhÔH9
 
T'=@C%lmCBW'TCÕRÇLCBT
LH  ] >×@?_'0T'=@CNQW\LCBTÂL














	   	ﬀ ﬀ  ﬃ^   ﬀ ﬀ 	ﬃ 
	   
¶(`@\MCT'=@CL'U(AADCBT'W'\\BP T\BW'TCBW'X[`¡LCMCBADLNvn TL'T'W'\BT¬±X[W%T'=@CDg{¨¸·¹X[AADX(^TU*º§Xª



















$Çï%'&( x (®ó&  + w ð   ï xOy ( | 
ñ | ó   ó ô ( x ð ,ó8ò/.
0	132¿¾(B_¾(ÀÁM_¾h{_¾(À{  1:4 V @IHJH/@O8P 2  ?@mA CFEG@IH [M'9O9{''{J2-@´°9M9[O''{9{Q@IC
K 47M NO1¦±£  £  Ü£  £   ; ¿¾  _¾ ÀÁ _¾  _¾ À  PSR/47MSR @ V`47MoMW1 8 R  HJH/132WE PWV V @IHJH/@ 8P 2  ?@BA




























ð ,ó8ò/.   )




"L)  ﬃ  
"
D<ﬀ
	HﬂU  ﬃD )ﬃ =ﬀ L) 
  






 $& D( "8	%$ﬃ ﬃ'& ) 
!U
  


















	 ﬂU ﬃD )ﬃ 
 ﬀ ) 
!U






	o k	_àﬀﬃﬂ "!!%$8 )¦_!+ Ú	!ﬂ
ﬃ
µ`*T'= L%LCM\BT'X[`Áª¹C\MX[`@L'^ CBWNßL'U8AADCBT'W'\&\ONQ]rN[\BTU´Öa¯ X[`´TªÜXß]rNQWXQ¬
lmCBW'T'\MCMLShO'_M%NQ`@^"{Q'_NQ`@^´TªÜX]XhLT'lmCD`fTCBsmCBWL£(NQ`@^¡£h[Ç<>=@CFsmXmNQ§¹XQ¬
T'= L
L_CM\BT'X[`ÇL>TX] WXOlmC<>=@CMX[WCBA 2NQ`@^ßTXCÕR] §ÝNQ`iX[P WNQ§smX[W'T'= AË°¥H§smX[W'T'= AN2 ^ CML\BW'nCM^
NQT>L'P n@LCM\BT'X[`4+ 2mÔÕﬃ<dX] WX8\MCMCM^SªÂT'=ßX[P W¹ªÜX[W'È8ªÜCk`@CMCM^ßN] WCB§A`rNQW'US§CBAAFNßË®§CBAAFN
EÔÜNQ`@^ÇNLP n WX[P T'`@CDË°¥§smX[W'T'= AEÔŁªÂ= \=ßL¹T'=@Ck] P W']XhLCXQ¬T'=@Ck`@CÕRT>LP n@LCM\BT'X[`*Ë°LP n¨




¬°TCBW'ª¹NQW^ LO%Ë°L'P n@L_CM\BT'X[` +ûgmÔ&ª¹CishlmCÇT'=@Cß½@WLTD]rNQW'TFXQ¬%X[P W



















Lﬃ¬°X[WŁT'=@CÂ½@WL'TŁ\MX[AADX8^TU¦Ë°¥§smX[W'T'= AﬁcvË®T'= W^FL'TCB]Ô'ÔÕŁ¶(P n@L_CM\BT'X[`
+ 2&LHNWX[P `@^ÇP ]iXQ¬ÉT'=@C^ CBWCB`(T]rNQW'TL
XQ¬X[P WHNQ§smX[W'T'= Ai
 	
  L ﬃ ﬀ ﬃ  	  ﬁﬀ ﬀ  !     "


















Ë®n(U m@ªÜC%ADCONQ`iT'=@C%¬®P `@\BT'X[`ØLP@\=iT'=rNQT C F i& m@É {ÔÕ
t' ró y ( x





































































 ﬀ ﬂ ﬃ	 ) ?v  #Ü>H)  ﬂ DÉ¾
;








ﬃ ) % #


















.T,Éó(ò/.<; ¾,$@ 1= 
(9ﬀﬃ	 D ! k =ﬀ  " ﬃ" 
   EQ£ & Uﬃ	@H )H>= 
(
ﬀ	
a   ﬀ " D!I
£ )  ﬂUDﬃ¿¾Qi [ÜÆ EßÆ¿¾
è

















ÏÖCß^l8^ CST'=@Cv] WX8XQ¬`(TX*TªÜX*]rNQW'TL49D½@WL'TT'=@CÇNQ§smX[W'T'= ADLD\MX[A] §CBTCMLFNQ`@^5T'=@CB`êT'=@C
X[P T'] P TL
\MX[W'WCM\BTO
- y ó ﬃó w ( x (®ó&*)   ﬀ%¾  )! = 
( =ﬀ! " ﬃ " 
 I ( ﬂUﬃ   =
	ﬂ= @  









L'P@\_=¤T'=rNQT¾ ; >d@?@X[W¾ ; ?r>×
LkX8^ ^Á&<>= LLT'W'P@C`¦]rNQW'T'\BP §ÝNQW
¬±X[WkoNQ`@^i>nCM\ONQP@LC%T'=@ClhNQ§P@CXQ¬ﬃ¾*LHCBlmCB`Ü<>=@CBWCÕ¬±X[WChrªÂ=@CB`T'=@CoNQ§smX[W'T'= A WCON[\=@CML%N
lmCBW'TCÕR!>iN{¬°TCBWÜ\_=rNQ` sh` sNQ`SCM^smCkN[^QYN[\MCB`fT¹TX >mTŁªÂ§§r½@`@^SNQ`@X[T'=@CBW¹CM^smCkN[^QYN[\MCB`fT¹TX >




Z¦X[WCMXOlmCBWO NQT¹CON[\_=ÇL'TCB]vT'=@CH`fP AonCBWÂXQ¬×CM^smCML S ÇL'P@\_=
T'=rNQTk¾ ;®@ŁL















   ﬀÜ¾  )  = 
( ﬀ	
 % k =ﬀH "
ﬃ " 
 I EQ£ ( ﬂU U /   =ﬀ   ﬁD	ﬂ=
@! )  = 
( ﬀﬃ	
   =ﬀ" 













































 	p  ﬃ Lﬃ  b      ﬃ  \"   qL  	  ﬃ  ﬃ!




















 {  o! ﬀ" 
  k£h
;R  $@%ﬂU	@ " ﬃ	)  = 
( ﬀ	


































=)ﬃ      ﬂﬁ  	 ( @
 /U: = 
(¾ﬀﬃ	 
      =ﬀ " 








:Łï  Öz 
 +-% y{wOxDwMx ï L.
;    $@  )
	ﬃ@! ﬁH&4;Rﬃ[M'9 ({''v 
 
"¹£( (8£h i )UﬂUDﬂ &)
! 	  	ﬃﬃ	
 )&	I/ﬀD	ﬃOh'_O£(MO{Q'{£h{&
 ﬃ ﬂU	 )!5= 
(³¾³Æ  ﬀﬃ	 D [ F9 =ﬀ " 
 I£(!)U:ﬂUD ﬂU U 	ﬃﬃ	
  )
	I ﬀD	o' i¡¾dO{{'Q£h{O°'Q9Q£h{'&9= )*= 
( @
D$ !@
 /U" $ﬃ   ﬁD	ﬂ= 
  J
â>ãOäæå¸çÇè"é
_ë ëæ ) )*&
ÏÖCß^l8^ CßT'=@Cß] WX(XQ¬k`fTX*TªÜX¤]rNQW'TL49F½@WL'TT'=@CÇNQ§smX[W'T'= A \MX[A] §CBTCMLO>NQ`@^5T'=@CB`ÚT'=@C
X[P T'] P TL
\MX[W'WCM\BTO
- y ó ﬃó w ( x (®ó&   ﬀ ﬂU )
	%  	ﬃ 	
  ) 	  ﬀ 
	O  '  £  O  '  £  ' (
ﬂ ﬃ 1ﬁ
	ﬃﬂ=P @
  )  J
â>ãOäæå¸çÇè"é















































¥Â\M\MX[W^` sFTX§CBAAFNØEh@¾¦L¹¬°X[P `@^Çn(UÇ¥§smX[W'T'= A#Eh
<>= LÇNQ§smX[W'T'= A \MX[A] P TCML +
©
XOª
LH\ONQ§§Lß¥H§smX[W'T'= A EX[`@C¦T'ADC¤NQ`@^Ã\MX[A] P TCMLßTªÜX









(®ó&    ﬀ ﬂU )
	%  	ﬃ 	
  ) 	  ﬀ 
	OhO'_O£(MO{Q'Q£h' (
ﬂ ﬃ ﬂU = D(ß¾ 
"
ﬃ $ﬃ  1ﬁ
	ﬃﬂ=   )*) ﬂ D ﬂU U	ﬃ	ﬃD ﬀ 
	Ł' i¾dO{Q'Q£h{O°'Q9Q£h'













 ; ¹Æ EhÁrL_XªÜC=rNMlmC¾¤ÆÃ >CÕ¬±X[WC\MX[`@L'^ CBW'` s* i¡¾d_ ª¹C
ªÂ§§shlmCHTª¹X§XOªÜCBWÂnX[P `@^ L>TXoT'=@C¬°P `@\BT'X[`¤ i5ë 
è
%;ëæŁm%Á<>=@XhLCknX[P `@^ L¹ªÂ§§
CB`rNQn §CP@LÂTXD\MX[`fT'WX[§Ü i´¾dŁXlmCBWHN\BP TO
ÏÖCÜ\MX[A] P TCM^5%;m`X[W^ CBWdTXH=rNMlmC*%;ÁÆ
è
	i    0[T'=(P@LªÜCÜ=rNMlmCk'i%;°    i 
NQ`@^ØT'= Lk§CON[^ LTX i"#
è






%;ë >d@?@ %;±>×@?r i ?r>×_(T'=@CB`Ti*ë 
è














  i 
ªÜCk=rNMlmC?r>×  ?r>×
è
Á?>ﬁi >×@?r_ LXßUiÚë 
è
 ; ëæ_>d@?@:   i 
è
  _>×@?r_
¶(`@\MC >d@?@dNQ`@^8?>\ONQ``@X[TÉnCÜ`@X[``fP §§rNQTT'=@C>L_NQADC¹T'ADCh[ªÜC¹=rNMlmC%LiSë 
è
%;ëæ 
   i  i 
è
_ ÜU"N´L'U8AADCBT'W'\¦NQW'shP ADCB`(TO























































































































































 	   ﬃ Lﬃ 




















































k-ﬃ (ÉÇm& {''  ×£h Ç&d¾fÃ¼ﬁ&
;Rd¾
















Û  '=ﬀ" D!Ik£h
'
=)ﬃ       ﬀﬂﬁ   	 (/@
 /U = 
















 ¾(À ﬂU	@ " ﬃ	) >= 
( ﬀ	












ï L.<;Rim $@  )










;  Ü¾³Æ  $@ 5= D(2ﬀﬃ	 
 h  F_O=ﬀ " 
  o£(!)U ﬂ ﬁ ﬂU U
 	ﬃ	ﬃ
5 )4	  ﬀD	ß' iÃ¾dO{''Q£h{O°Q9{Q£h'& Uﬃ ﬂUﬃ	@ 
	 (& = 
(*)D¾h
ﬀﬃ	
 {!  =ﬀ" 
  k£h 
"&¾(À:ﬀ	
ﬁ  {!=ﬀ" D!Ik£h)  ﬂ D¹¿¾h
è
¾(ÀOÜÆ³
D" )  ﬂ DHﬂUOU 	ﬃ 	




 / @"	$ﬃ  1ﬁ
	ﬃ ﬂ  
  E
â>ãMäæå¸çßè"é
_ë ëæH) ) &












(®ó&ﬃﬂ   ﬀ ﬂU%U8 	ﬃ	ﬃ





  ) 4E
â>ãOäæå¸çßè«é




















XOª¬®WX[A {HTXkXQ¬l[NQ§P@CE&íi£hQ LXDN[\M\MX[W^` sDTXD§CBAAFNÇEh
T'=@C
©




¥H§smX[W'T'= AEHNQ`@^S\MX[A] P TCML>c¬°P `@\BT'X[`@L>LXT>\MX[A] §CBTCML>`*E
â>ãMäæå¸çè´é
_ë ëæ'LTCB]@LO L
































 ;ë8A] §CMLHT'=rNQT C>d@?@> &
Ê¬ﬃ¾  >×@?r jT'=@CB`¾ 
À
?>É*j@LXD¾ À >×@?rÉXjﬃ<>=(P@L¿¾ 
è
¾ À ÜÆ³ L
- y ó ﬃó w ( x (®ó&   ﬀ¾³Æa5 )!= 
(Dﬀ	
    F  =ﬀ " 
  &£  ( ﬂU = 
(*)¾  
"S¾ À
D" ,$ﬃ  1ﬁ
	ﬃ ﬂ= 
 D	)  ﬂ D ﬂU U 	ﬃ 	
 ﬀ 
	' i5¾h iê¾(ÀO[ Í9M£(M'















































































































































































































 	   ﬃ Lﬃ   ﬁ"7 
/ b  "























(Ú¾  Æ i¡¾  i¡¾ À  ﬀ	
      =ﬀ" D!Ik£ 
;Rd¾(ÀÁ¹ Ji´¾(i´¾h>iÖ¾(À
6
78k¾  fÃ¼ d¾ ÀÁ f ﬁ&
:Łï  Öz   + x

( y{ô wMx ï L.   ﬀÂ¿¾h{_¾(À/ ) (&




 I±£  £   )  ﬂ ﬁ¹¿¾ 
è
¾ À Æ-( 
"4 ﬀ%ﬂU U 	ﬃ ﬃ	ﬃ
  )L	I:ﬀ 
	&' i
¾h<i5¾(ÀOhO'_O£(M' ( ﬂU  1ﬁ
	ﬃ ﬂ   @
  )! 
â>ãMäìå¸çè é
_ë ëæL)ﬃ )3( 
"   )
   /U 
	@ (&4= 
(*)%¾  ﬀ	
¢     =ﬀ " 
  £  D"D¾ ÀÁ ﬀ	
















 i«¾(>iÚ¾h i«¾(ÀOÁÛ aLN
©
XOª ¬°WX[A9TXhXQ¬¹lhNQ§P@CD£(vË°LCMCD^ CÕ½@` T'X[` EÔÕ

































k-ﬃdif   hM'_O9{{' ¦ £fO£h Çﬁ&
'
=)ﬃ       ﬂﬁ  24ﬂ$  $ 3" !( @
 /U = 
("¾ ﬀﬃ	 
¢h! _=ﬀ " 
 I%£(
)  ﬂ D8ﬂUL  	ﬃﬃ	
  ) 	  ﬀ 
	' i´¾dOQ''{£h{°'Q9{£h{'
'
=)ﬃ       ﬂﬁ 	
 $ " ﬀ/0<$3" O
"¾?( @






 % {L ﬀ " 




ﬂ D/ﬂU%  	ﬃ 	













=)ﬃ      ﬀﬂﬁ   ﬁ 0<$3" !(  
 / (&>= 
(*)>¾( ﬀﬃ	



















































! 	U  	ﬃ	ﬃ
  )
   ﬃ) )D	 












$& D(#" 	 %$'ﬃ'&  ) 
  
 @
4$  ﬀ  "	$  1ﬁ
	ﬃ ﬂ   
ámâ>ãOäæå¸çßè«é































_ë ëæ×L'TCB]@L+08N[\M\MX[W^` sTXk§CBAAFN +m¥H§smX[W'T'= A
+T_NQÈmCML E
â>ãMäìåçFè5é
_ë ëæŁL'TCB]@LÂNQ`@^ÇN[\M\MX[W^` sDTX§CBAAFN&c@¥H§smX[W'T'= AÛcT_NQÈmCML
â>ãMäæå¸çDè
é






\MX[A] P TCM^¦n(UØ¥§smX[W'T'= A 2FL%NDL'U8AADCBT'W'\g{¨\MX[AADX(^TU
©















]X[§U8`@X[AÝNQ§¿³jkXOª­ª¹Ciª¹X[P §^«§ÈmCÇTX¤È8`@XOª ADX[WCiX[`«T'=@C\MX[A] §CÕR8TU«XQ¬kT'=@Cµ`(TCBshW_NQ§
¶(U8AADCBT'W'\DZP §T'Ê¨¸·¹X[AADX(^TU´º§XOªaVﬃWX[n §CBA Ë®§ÈmCB§U*jHVÉ¨\MX[A] §CBTCÔÕNQ`@^ÖX[`¡µ`(TCBshW_NQ§
¶(U8AADCBT'W'\ 9f¨\MX[AADX8^TUiº§XOªVWX[n §CBADLO@ªÂT'= 9 5E8
µ¿¬T'=@CHWC fP@CMLTL>NQWCH`@X[T>L'U(AADCBT'W'\hT'=@Ck\MX[A] §CÕRTUvXQ¬µ`(TCBshW_NQ§ 9S·¹X[AADX8^TUvº§Xª
VﬃWX[n §CBADL>`ßLU(AADCBT'W'\^shW_NQ] =@LË®ªÂT'=iN&L'U(AADCBT'W'\\ONQ]rN[\BTU ÔÜLÂNQ§LX&X[]CB`S¬±X[W 9  m
  M	ﬃ,
Ìæ·Ü=rND<hÐ{Ñ VÉN[L\ONQ§Ü·Ü=rNQ`rN[LO	ﬃ)  ﬃ <
 ﬂ 
  




WCB`@X[n §ChIGhP `@CvE#<D<hÐﬃº W_NQ`@\MC<ÂKB§KM\MX[A·¹jHÒﬃ<%
ÌÍÒŁµ¶ Ó[e{Ñ ¶8ÒlmCB`8¥o(µT_NQ¿NQ`@^S¥o(¶(=rNQAWO ﬁH`FT'=@CH\MX[A] §CÕR8TUvXQ¬ÁT'ADCBT_NQn §C%NQ`@^FAoP §Ê¨
T'\MX[AADX8^TU
©
Xªa] WX[n §CBADLO U  
   & ﬂ 
 /U &Ý 2 Ë®c(Ôﬃ9ûeD<EÓ[pD+*3kCM\MCBAonCBW
E#<mÓ[e
ÌÍºÉÎHÏÃÐhp{Ñ&¶(TCBlmCB`ßº@X[W'T'P `@ChUGmX[= `SÎHX[]\BWXQ¬®TO8NQ`@^GfNQADCMLÜÏ¤U8§§Ch<>=@CH^WCM\BTCM^vLP n shW_NQ] =
=@X[ADCMX[ADX[W'] = LA ] WX[n §CBAi  
	@ 
%ﬂ 










'  ﬂ  DP	U#  	
   ﬀ 
	ﬃ ﬁ
ND"Nﬂ 
  I DD ﬂ 
   ﬃ
 









ÌÍI¶U<D2{Ñ j&fIHX[nCBW'TL_X[`SNQ`@^FV 3&¶8CBU(ADX[P WO
-
W_NQ] =SZ`@X[WLµµµÕh<>=@C 3kL°Y'X[`fT>VNQT'=@L
VﬃWX[n §CBAi<  & ﬂ 
'$ﬃ &  
	ﬃ! ﬃ	 & 
m@]rNQsmCMLeD2 EhEOp×E#<D<D2
Ì ;U8s=<Qc[Ñ GfCB`@L ;U8smCB` 3HL±YX[`(T]rNQT'=@LO<×CM\_= ` \ONQ§ÜIHCB]X[W'T<QcfÐEOeICMLCONQW\_=Öµ`@LT'T'P TC
¬±X[W 3kL\BWCBTCßZ¦NQT'=@CBAFNQT'\MLO ` lmCBWLTUêXQ¬  >X[` `Łº@CBn W'PrNQW'UÃE#<D<Qc@¤P ]^@NQTCM^
¶8CB] TCBAonCBW&E#<D<hÐ
Ì ;U8s=<D2{Ñ GfCB`@L;U8smCB` jHV¨¸·¹X[A] §CBTCB`@CMLLßXQ¬¶8X[ADCÒﬃ^smCÕ¨3kL°Y'X[`fTÇVNQT'=@LSVWX[n §CBADLO
  )	@     " 
 Dﬂ ﬃ!D)Õ×Ë±eEÔﬃ9ûÐD+  <hpdE#<D<D2
tFu Q!t
ö
Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot-St-Martin (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)
  	


  
ISSN 0249-6399
